In this paper, various carbon materials such as activated carbons and mesoporous carbon material CMK-3 modified with nickel and copper, are investigated in the production of a potential biofuel 2-methylfuran with furfural hydrotreatment. Deep characterization of the prepared catalysts revealed differences in pore size, surface area, and metal particle size. Furthermore, the acidity of the catalysts varied significantly affecting the product distribution. Very high activity and selectivity towards 2-methylfuran was achieved with two steam activated carbons (Norit RB4C and Darco) and ordered mesoporous carbon material CMK-3 modified with copper and nickel. 2-Methylfuran yield as high as 60.2% was achieved with 5/5 wt% CuNi/ RB4C in 2 h at 230 °C. The operation in slurry phase was observed to promote the reaction towards 2-methylfuran.
Introduction
New discoveries to reduce emissions and energy consumption are increasingly important nowadays. One option to reduce emissions is to change fossil-based fuels to bio-based options. Furfural (furan-2-carbaldehyde) is an excellent building block component for many value-added chemicals and fuels [1] . Furfural is produced from sustainable lignocellulosic biomass with dehydration of hemicellulosic C5 sugars [2, 3] . One option to convert furfural into biofuels is hydrotreatment. With hydrotreatment, possible products include furfuryl alcohol (FA), 2-methylfuran (MF), and tetrahydrofurfuryl alcohol (THFA) [2, 4, 5] . From these products, 2-methylfuran has features suitable for biofuels, for example high Research Octane Number (RON 131) and low water solubility (7 g l − 1 ) [6, 7] , and therefore 2-methylfuran could be applied as a bio-based oxygenate in gasoline. Oxygenates are added in gasoline to improve combustion and therefore to reduce CO and hydrocarbon emissions. Currently, the most common oxygenates in gasoline are biobased ethanol and mostly fossil-based ethyl-tert-butyl ether (ETBE), methyl-tert-butyl ether (MTBE), tertiary-amylethyl ether (TAEE), and tertiary-amyl-methyl ether (TAME) [8, 9] . Replacing the fossil-based oxygenates with bio-based 2-methyfuran would increase the bio-fraction of gasoline.
The main part of the complex furfural hydrotreatment reaction network is presented in Scheme 1. The production of 2-methylfuran from furfural can be performed in gas or liquid phase. The yields of MF in gas phase are relatively high, but the liquid phase operation offers other advantages such as easier merging to upstream production of furfural. The production in liquid phase has also been reported less energy consuming [10] [11] [12] [13] .
Furfural conversion with hydrotreatment is a process, which requires supported metal catalysts. The effect of various metals has been tested in our earlier studies, and nickel and bimetallic combination of copper and nickel were observed to be the most active and selective options towards MF, and thus chosen for this study [14, 15] .
The most commonly used supports for the hydrogenation of furfural towards furfuryl alcohol or 2-methylfuran are SiO 2 [6, 16] , Al 2 O 3 [17, 18] , and carbon [19] [20] [21] . Most of the tested catalysts undergo deactivation through coke formation on the catalyst surface, poisoning of the catalyst by various products, change in the oxidation states of supported 1 3 metals, or sintering. However, for example Rao et al. [22] have achieved promising results with activated carbon as a support material. Thus, activated carbons could be promising supports for conversion of furfural.
Ordered mesoporous carbon materials (OMC), such as CMK-3, have attracted much attention since their discovery by Ryoo et al. [23] in 1999. Due to their highly ordered structure of periodic mesopores with uniform pore size, high surface area, adequate pore volume, and high thermal, chemical, and mechanical stability [24] , they play an important role in catalysis nowadays. CMK-3 material has been successfully used as a support for variety of metals and these catalysts have shown good activity, stability, and reusability in the hydrogenation reactions of variety of substrates [25, 26] . CMK-3 provides also good catalytic activity due to the easy accessibility of liquid phase reactant to active metal sites through mesopores, and easy escape of the products from them.
The target of this work is to prepare and investigate different carbonaceous supports, including CMK-3 and different activated carbons, and to compare their physico-chemical properties with their performance in the furfural hydrotreatment reaction. The comparison is made with nickel-modified catalysts. In order to improve the catalytic properties of the tested catalysts, bimetallic catalysts containing copper and nickel are also studied and discussed. Chemicals used for the preparation of mesoporous carbon material CMK-3 were all purchased from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, ≥ 99.0%) and triblock copolymer Pluronic ® P-123 (Mn ~ 5800) were used for the preparation of SBA-15, which was in the further steps used as a template for CMK-3. Sucrose (BioXtra, 99.5%) was used as a source of carbon and hydrofluoric acid (p.a., ≥ 40%) for leaching SiO 2 from CMK-3 matrix.
Experimental

Materials
The chemicals applied for the catalysts testing in hydrotreatment reactions were all purchased from Sigma-Aldrich, and used without further purification. Applied chemicals in the study were: furfural (99%), furfuryl alcohol (98%), tetrahydrofurfuryl alcohol (99%), furan (≥ 99%), 2-methylfuran (99%), 2-methyltetrahydrofuran (anhydrous, inhibitor free, ≥ 99%), 2-propanol (ACS reagent, ≥ 99.5%), 2-butanol (99%), 2-pentanol (98%) and 2-pentanone (CHROMASOLV for HPLC, 99.5%).
Catalyst preparation
Different types of activated carbons were used as supports for mono-and bimetallic nickel-based catalysts. In addition, mesoporous carbon material CMK-3 was prepared for a comparison. The carbon supports were crushed and sieved in order to obtain particle diameter in the range of 200-300 μm. Mesoporous carbon material (CMK-3) was synthesized by replication using SBA-15 as a template and sucrose as carbon source. The procedure of SBA-15 synthesis and following CMK-3 preparation is described in detail in the paper of Xia et al. [27] .
Monometallic nickel-modification of the supports was performed using conventional wet impregnation method in order to obtain catalysts with previously optimized [14, 15] 10 wt% metal loading. Calculated amount of Ni-precursor was dissolved in 50 cm 3 of distilled water and added to 5 g of the dried support. The mixture containing support material and aqueous solution of metal precursor was stirred for 24 h at room temperature. The other steps of the synthesis were evaporation of water (under vacuum), drying at 110 °C Scheme 1 Furfural hydrotreatment overnight, and calcination at 450 °C for 2.5 h under nitrogen flow. Bimetallic catalysts were prepared by simultaneous wet impregnation, where Ni-and Cu-precursors were separately dissolved in 25 cm 3 of distilled water and added to the support at the same time with otherwise same procedure as described above.
Catalyst characterization
Nitrogen physisorption equipment, Ultra Surfer (Thermo Fisher), was used for determination of surface area and pore volume of the prepared catalysts. The degassing of the samples was performed prior to the measurement under vacuum for 3 h at 300 °C. Dubinin-Radushkevich equation was used for calculation of the specific surface area of the activated carbons and the BET equation for the specific surface area of the mesoporous material CMK-3. Furthermore, BJH method was used for determination of the pore size distribution in mesoporous range for Darco and CMK-3.
PANalytical X`Pert PRO MPD Alpha-1 diffractometer with Cu Kα1 radiation (45 kV and 40 mA) was used for X-ray diffraction (XRD) analysis to determine the type of the surface species on the catalyst. Prior to the analysis, the sample was ground if necessary, and placed into the sample holder. The X-ray scanning was performed in continuous scan mode in the range of 10°-90° (2θ) with a step size of 0.0131°. The mean metal crystallite diameter was estimated for some of the catalysts using the Scherrer equation based on peak broadening of the most intense peaks.
An aberration-corrected JEOL-2200FS microscope (JEOL Ltd., Japan), operated at 200 kV was used for highresolution transmission electron microscopy (HR-TEM). Particle size of deposited metal particles and their morphology were evaluated using Gatan DigitalMicrograph software. Furthermore, the EDS analysis was applied for chemical characterization of a sample. Materials were characterized as prepared without reduction prior the measurement.
The acidic surface groups on carbon supports were determined with direct Boehm titration [28] . In the titration approximately 0.25 g of catalyst was stirred in 50 cm 3 of 0.02 M NaOH for 16 h. Applying NaOH as a base allows the determination of the amount of all acid sites on the supports. The carbon material was filtered from the solution and three parallel 10 cm 3 samples were prepared to decrease the analysis error. For each sample, 10 cm 3 of 0.02 M HCl and few drops of indicator (phenolphthalein) was added. The samples were titrated with 0.02 M NaOH. The concentration of the acidic surface groups (n ASG ) was determined with Eq. (1).
(1)
where n HCl /n B is the molar ratio of the acid to reaction base, 3 ) , and V A is the volume of the sample taken from the carbon liquid (cm 3 ) [28] . The concentrations of acid sites on carbon supports were compared after normalization. The normalization was performed with Eq. (2), where acid site concentrations were divided with the actual mass of carbon [28] .
where n ASG,norm is the normalized concentration of acidic surface groups (mmol g − 1 ). Temperature-programmed desorption (TPD) analysis was performed with Altamira AMI-200 equipped with a Hiden QIC-20 mass spectrometer. Carbon supports and catalysts (50 mg) were analyzed in a flow-through quartz reactor using 50 cm 3 min − 1 helium flow. Temperature ramp applied was 10 °C min − 1 from 25 to 800 °C.
Experimental reactions
The activity of the prepared carbon supported catalysts was tested in furfural hydrotreatment reactions in a 50 cm 3 batch reactor (Autoclave Engineers). The catalyst was placed in the reactor as a slurry, and prior to the reaction, the catalyst (0.2 g) was reduced in situ for 90 min at 250 °C and 4 MPa H 2 . The reduction temperature 250 °C is known to be too low for complete reduction of the chosen metals, however, the aim was to obtain a combination of oxide and metallic phase of metals for optimal conversion of furfural to 2-methylfuran. The reaction mixture (1 cm 3 of furfural and 15 cm 3 of solvent 2-propanol) was placed inside the reactor together with 4 MPa hydrogen pressure as the desired reaction temperature (230 °C) was achieved. External diffusion limitations were avoided by high stirring speed (800 rpm) and duration of the experiments was 120 min. These conditions have been confirmed as optimal in our previous studies [14, 15] . In addition, the use of catalyst as a slurry instead of using the catalyst basket is expected to decrease the effect of mass transfer limitations.
The quantitative compositions of the liquid samples taken after the reaction were analyzed with Agilent 6890 series gas chromatograph (GC) equipped with a flame ionization detector (FID). The GC-FID was equipped with a Zebron ZB-wax Plus column (60 m × 0.25 mm × 0.25 µm), injected sample volume was 1 µl and injector temperature 230 °C. The temperature ramp used was from 40 to 100 °C with
heating rate of 5 °C min − 1 and from 100 to 230 °C with heating rate of 20 °C min − 1 . An internal standard applied in the analysis was 2-butanol. For qualitative analysis of unknown components, the liquid samples were analyzed with gas chromatograph attached to a mass spectrometer (Agilent 7890-5975) applying same column and method as described above. The mass spectra was recorded in electron impact ionization at 70 eV.
In addition to liquid samples, the composition of the gas phase in the reactor was analyzed after each experiment. The gas samples were collected to a vacuumed container after the reaction mixture was cooled down to room temperature. The analysis was performed with Agilent Technologies 6890N network GC containing gas pneumatics. Components were detected with two detectors, FID and thermal conductivity detector (TCD). Three columns were used: HP-AL/KLC, HP-PLOT/Q and HP-MOLESIEVE.
Conversion of furfural (X), selectivity of products (S), and yield of products (Y) were calculated with Eqs. (3), (4), and (5): where N i,0 is the concentration of component i in feed and N i,t is the concentration of component i at time t (mmol g − 1 sample ).
Results and discussion
Catalyst characterization
Successful modification of all the tested activated carbons by nickel and copper was proven by various characterization methods presented below.
Textural properties by nitrogen adsorption/ desorption
The textural characteristics of pure carbonaceous supports are compared with their metal-modified forms in Table 1 . Activated carbons RB4C and RX3 contain predominantly micropores in their structure, altogether 90 and 80% of the total pore volumes are in micropores. Material RX3 is characterized by the highest content of micropores leading also to the highest surface area. This is most probably a consequence of the acid treatment of this material [29] . On the other hand, activated carbon Darco and ordered carbon material CMK-3 contain both micro-and mesopores in their
For these materials, 40% of the total pore volume is dedicated to micropores and thus 60% for mesopores. CMK-3 is characterized by the highest total pore volume combined with very high surface area of over 1000 m 2 g − 1 caused by its highly ordered structure.
The surface areas of all the tested supports decreased after metal loading, which is a consequence of partial blockage of some pore entrances. Also pore volumes (total pore volume as well as micropore volume) slightly decreased after metal modification, showing that Ni and Cu were most probably bound also in the pores of all the tested supports and not only on their outer surfaces.
Adsorption-desorption isotherms of the tested supports and their metal-modified forms are compared in Fig. S1 (Supplementary Material). As can be seen from the isotherms of RB4C and RX3, most of the surface area of those materials is dedicated to micropores. On the other hand, isotherms of Darco and CMK-3 exhibit shapes typical for materials containing both micro-and mesopores. Pore size distributions in mesopores range for both materials presented in Fig. S1 show presence of mesopores with diameter around 4 and 3.8 nm for Darco and CMK-3, respectively.
Acidity analysis by Boehm titration
The amount of all acidic surface groups was analyzed with direct Boehm titration [28] . Clear differences in acidity were detected between the pure carbon supports ( Table 2 ). The concentration of acidic surface groups was approximately 40% higher with RX3 and CMK-3 compared to RB4C and Darco. The acidity of RX3 is explained with activation treatment, as this support has been steam activated and acid washed. Other activated carbons applied were only steam activated, and were thus less acidic. The CMK-3 production included hydrofluoric acid (HF) treatment. Some acidity existed due to HF treatment in the material, explaining the high acidity. After metal modification, the acidity decreased with all catalysts, and 10 wt% Ni/CMK-3 was observed the most acidic catalyst of this study.
Crystallographic structural analysis by X-ray diffraction
The phases present in the prepared materials and pure supports were determined by X-ray diffraction (XRD). Patterns of pure carbon materials showed characteristic amorphous character with low graphitization degree. XRD patterns of pure Darco showed diffraction peaks characteristic for silica, which is an impurity of the material. The silica content was determined using XRF to be around 1 wt%. Other carbon materials did not contain any impurities that could be determined using the XRD method. The wide-angle XRD patterns of monometallic nickelmodified materials are compared in Fig. 1 . The patterns indicate the presence of characteristic diffraction peaks of the face-centered cubic crystalline structure of NiO (JCPDS Card No. 78-0429). NiO phase is characterized by five diffraction peaks listed in Table 3 [30] . Three large reflections at 2θ of 37.2°, 43.3° and 62.9° characteristic for NiO phase,
were observed in all the tested samples. Smaller peaks at 2θ of 75.2° and 79.3° were present in patterns of Ni/Darco, Ni/RB4C, and Ni/CMK-3. The diffraction peaks were more scattered in the case of Ni/RX3, as the peaks at 2θ 75.2° and 79.3° were not detectable. The existence of large reflection signal of NiO species in the Ni/RX3 suggests high dispersion of smaller NiO particles on the surface of the support. This is probably caused by the higher interaction of metal with the carbonaceous support [31] . Higher interaction between Ni and acidic surfaces (such as RX3) has been reported previously [29, 32, 33] . With activated carbon supports the point zero charge (PZC) drops down to acidic range (approx. pH = 2) due to acid treatment. As the pH of metal nitrate solutions ranges from 2 to 5, the support surface deprotonates and becomes negatively charged causing better adsorption of positively charged Ni 2+ ions in the solution. This leads to better interaction between the metal ions and support and thus to better metal dispersion. In addition to NiO species present in the pattern of Ni/CMK-3, three diffraction peaks shown at 2θ of 44.3°, 51.7°, and 76.2° were observed and assigned to a typical metallic Ni face-centered cubic structure (JCPDS Card No. 04-0850) [34] [35] [36] . Partial reduction of Ni was reported in previous studies focused on preparation of Ni catalysts using ordered mesoporous carbon or carbon nanofibers as the supports. This was explained by the reaction with carbon in an inert atmosphere at elevated temperature (NiO + C → Ni + CO and/or NiO + CO → Ni + CO 2 ). Total reduction of NiO to metallic Ni was observed during the carbonization or pyrolysis steps performed under inert atmosphere (N 2 or Ar) at 800 °C [35] , 700 °C [34] and 600 °C [36] . Partial reduction of NiO to Ni in the current study is explained by the lower temperature in pre-treatment procedure (550 °C, N 2 atmosphere). According to literature, the presence of both oxide and metallic species are beneficial for the furfural hydrotreatment, and thus desired characteristic for the catalysts [10] .
In the case of bimetallic CuNi materials, the presence of the characteristic diffraction peaks of NiO and Cu 2 O 
(cuprite, JCPDS Card No. 05-0667) [38] phases were confirmed on all three activated carbons (Fig. 2) . Three main diffraction peaks at 2θ of 37.2°, 43.3° and 62.8° characteristic for NiO phase (listed in Table 3 ) were observed in all the bimetallic materials. Catalyst prepared by modification of RX3 exhibited again the most scattered NiO diffraction peaks, which was explained above by their highest dispersion. Compared to NiO diffraction peaks, the Cu 2 O reflections are more intense and narrow, which is probably because of larger Cu particle size. Therefore, all five characteristic peaks for Cu 2 O (listed in Table 3 ) are visible in the XRD patterns of all the samples. On the other hand, diffraction peaks characteristic for metallic Ni and Cu, were again determined in the case of CMK-3 modification. As mentioned above, both metals precursors were probably reduced to metallic Ni and Cu in the presence of carbon under inert atmosphere, and elevated temperature during the calcination step. The width of the most intensive peaks characteristic for NiO (43.2°) and Cu 2 O (36.3°) at the half-height of the peak (FWHM) were used for the estimation of the crystal size in the Scherrer equation. The results compared in Table 4 estimate the presence of small NiO particles in both monoand bimetallic catalyst (4-6 nm), and larger aggregates of Cu 2 O with the size over 20 nm. Ni particles in the bimetallic catalysts were slightly bigger than in the monometallic catalysts, even though the loading of Ni was lower (5 wt% in bimetallic and 10 wt% in monometallic). The dispersion of Ni is probably influenced by the presence of Cu during simultaneous impregnation. Metallic Ni particles on CMK-3 were slightly larger than NiO species on the activated carbons, being around 9.5 nm. Particle sizes of Ni and Cu on CuNi/CMK-3 were not determined because of overlapping diffraction peaks characteristic for those species.
Morphology by high-resolution transmission electron microscopy (HR-TEM)
The monometallic nickel-modified catalysts were characterized by HR-TEM to determine the nickel particle size, morphology and distribution of the particles on the catalyst surface. Minimum and maximum dimensions of the NiO particles and statistically calculated average diameters are presented in the Table 5 . NiO particles were clearly visible with well-defined boundaries on all carbonaceous supports in exception of Ni/RX3, where the metal particles were more diffused into the support material. This fact is in consistence with the XRD results reported above, where high dispersion of NiO particles into RX3 was explained by the higher acidity of this support. From the other supports, NiO particles were the most equally distributed on Darco. NiO particles on this carbon material were very symmetric, spherical with diameter around 4.3 nm. Well-distributed spherical particles of NiO with diameter around 14.5 nm were observed on the mesoporous carbon CMK-3. The smallest spherical NiO particles (diameter around 2.7 nm) were observed on RB4C, but n.a. they were not equally distributed on the whole surface of the material and they aggregated to form bigger agglomerates. The particle sizes of NiO determined by TEM are close to the NiO particle size estimated from XRD data. Some deviation of the results originates from Scherrer equation, where the shape factor assuming spherical crystals (0.94) was used. The TEM images of modified commercial activated carbons catalyst presented in the Fig. 3a-c , showed different distribution and size of NiO particles. TEM images of CMK-3 confirmed the presence of highly ordered mesoporous character with parallel mesopores (Fig. 3d) , and clearly visible, well-distributed spherical NiO/Ni particles after nickel-modification (Fig. 3e-f) .
Acidity and basicity by temperature-programmed desorption
The temperature-programmed desorption (TPD) analysis was performed for the carbon support materials and monometallic 10 wt% nickel-modified catalysts for the characterization of oxygen-containing surface groups on the catalysts before and after metal-modification. The oxygen-containing groups are decomposed from the surface either as carbon monoxide (CO) or carbon dioxide (CO 2 ) [39] . The oxygencontaining surface groups released as CO are basic in nature, while the groups released as CO 2 are known to be acidic.
More thorough analysis of the surface groups can be performed applying the decomposition temperatures of CO and CO 2 [38, 39] . Several studies have reported decomposition temperatures for example to carboxyl, carbonyl, phenol, lactone, and quinone groups [39] [40] [41] [42] [43] [44] . Table 6 presents the reported decomposition temperatures for oxygen-containing surface groups. The TPD spectra of CO and CO 2 evolution was collected at a temperature range of 25-800 °C. Figure 4 presents the spectra of CO and CO 2 evolution with the supports and nickel-modified carbon catalysts. The CO evolution spectra reveal that all the support materials and the catalysts contain basic sites on their surface. With all the activated carbon supports, the CO evolution spectra indicated of anhydride, phenol and carbonyl groups. With mesoporous material CMK-3 the anhydride groups were missing and the oxygen surface groups are phenol, carbonyl or quinone groups. Identification of some groups is difficult as the temperatures for CO evolution groups are overlapping, as can be observed from Table 6 . After nickel-modification, some anhydride groups remained on RB4C, as with other supports these groups disappeared. Phenol, carbonyl or quinone groups were present in all the catalysts after metal-modification.
The CO 2 evolution spectra reveal differences in acidic oxygen-containing surface groups. The activated carbon support materials were observed very acidic, the most acidic being RX3. The peaks at 450-625 °C indicate presence of carboxyl anhydride groups. With Darco and RB4C, the peaks are wider, indicating also the presence of lactone groups. CMK-3 is not containing many oxygen-containing acidic sites, only a small peak at 390-400 °C in CO 2 evolution was observed, which is assumed to originate from carboxylic acid groups. As CMK-3 was observed very acidic in Boehm titration, it is assumed that the acidity originates from HF treatment. The amount of acidic surface groups decreased and changed significantly after metal-modification, which was also observed in the titration analysis (see Table 2 ). With RB4C, carboxylic acid groups appeared on the surface in addition to lactone groups. Also, with RX3 some carboxylic acid groups have appeared, as with Darco the wide peak indicates presence of carboxylic acid, carboxyl anhydride and lactone groups. Appearance of carboxylic acid groups and decrease of acidity is due to binding of nickel and decomposition of carboxyl anhydride groups.
Leaching of metals
Leaching of metals into the reaction solution is possible and it causes loss of catalytic activity. The leaching of the metals was excluded by qualitative inorganic analysis of the reaction solution. Ammonia solution in water, which reacts with leached Ni cations according Eq. (6), forming blue color of the solution, was added to the reaction media. As no change in color was observed, leaching was excluded as a problem with the tested catalysts.
Furfural hydrotreatment to 2-methylfuran
The production of 2-methylfuran (MF) from furfural is a challenging task due to the complex reaction scheme of furfural hydrotreatment (see Scheme 1) . All the nickel-and copper-nickel-modified carbon supported catalysts were tested in furfural hydrotreatment aiming for 2-methylfuran production.
Nickel catalysts
The activity comparison of the carbon catalysts was performed with 10 wt% nickel deposited on the supports. Only small differences in furfural conversion were observed between the activated carbon support catalysts after 120 min of reaction time (Fig. 5) . The highest conversion of furfural with nickel catalysts was observed with Ni/RB4C (96.6%), as with Ni/RX3 and Ni/Darco the conversions of furfural were 93.3 and 92.3%, respectively. However, with mesoporous support material Ni/CMK-3 the conversion of furfural was significantly lower achieving only 57% conversion of furfural in 120 minutes. As the conversion of this catalyst was so low, the reaction time was increased to 240 min to achieve a comparable conversion for this catalyst. After 240 min, the furfural conversion increased to 99.0%. Since, Panagiotopoulou & Vlachos [10] presented that the combination of metallic and oxide form is beneficial for the catalytic activity in furfural hydrotreatment, we assume that the lower activity over 10 wt% Ni/CMK-3 can be a consequence of the low amount of NiO present in the reduced catalyst. The partial reduction of NiO to metallic Ni was detected by XRD on the non-reduced 10 wt% Ni/CMK-3 (see Fig. 2 ), and therefore the in situ reduction of this catalyst most probably led to the highest degree of reduction, and the lowest content of NiO among the tested catalysts. Comparing the catalysts at high conversion levels is obligatory in this reaction, as the furfural conversion is very fast compared to the formation of desired product 2-methylfuran. In our previous studies, the maximum yield for 2-methylfuran has been reached in 120 min, as full conversion of furfural can be achieved in 60 min [14, 15] .
Unlike similar conversion levels, the tested carbon supports had an effect on the product selectivities and yields (Fig. 6) . From nickel-modified catalysts, the highest yield of the desired product 2-methylfuran was achieved with Ni/ Darco (59.7%). In addition, other activated carbon supports achieved high yields of MF (Ni/RB4C 54.7% and Ni/RX3 Yields of other hydrotreatment products varied remarkably between the carbon supports. The main product with all the activated carbon supports, and CMK-3 after 240 min was 2-methylfuran. With mesoporous Ni/CMK-3, more furfuryl alcohol remained in the reaction mixture (yield 27.4%) after 120 min. Furfuryl alcohol (FA) is an intermediate product for MF formation, and this result indicates lower reaction rate for MF formation with Ni/CMK-3. The same result was observed in furfural conversion, as with CMK-3 significantly lower conversion was achieved in 120 min. However, higher yield of MF on CMK-3 is possible with a longer reaction time.
Tetrahydrofurfuryl alcohol (THFA) is a competitive product for MF formation, as both can be produced from FA with hydrotreatment. THFA production was observed with all the supports, but slightly higher yields were achieved with RB4C and CMK-3. The results indicate that more THFA is produced with catalyst containing larger nickel particle size. Furan is produced from furfural with decarbonylation, which is known to be especially prominent with nickel catalysts [45, 46] . Indeed, furan production was observed with all the catalysts with yields around 2-4%. MF and THFA can be hydrotreated further to 2-methyltetrahydrofuran (2-MTHF), and the production of this component was observed the most prominent with Ni/RX3 and Ni/Darco. Also this can be a consequence of differences in nickel particle size. Both Ni/ RX3 and Ni/Darco contain small nickel particles on the catalyst surface, which leads to good dispersion and higher reaction rate. Condensation and polymerization of furfural or its products is also possible in the applied reaction conditions. One example of the condensation products is furanmethanol acetate (FMA). The production of this component was observed to be remarkable with Ni/CMK-3. The production of FMA with CMK-3 might be due to the pore size, as this support is mainly mesoporous, allowing the formation of large components. With CMK-3, the formed FMA has most probably reacted further after 120 min as the amount has decreased considerably in 240 min. All these results indicate that the product formation is structure sensitive in terms of particle and pore size of the catalysts.
In conclusion, the formation of the desired 2-methylfuran was very promising with all the carbon supports. The highest yield of MF achieved with Darco (59.7%) is much higher than many previous batch reactor liquid phase furfural hydrotreatment studies have achieved. Some studies have recently achieved even higher yields of MF, for example with CuNi/ɣ-Al 2 O 3 (81.6%) [47] , CuCo/ɣ-Al 2 O 3 (61.3%) [48] and Ru/NiFe 2 O 4 (75.1%) [49] . Also these studies were performed in liquid phase applying batch reactors, however the reaction times in many studies have been longer. Furthermore, furfural hydrotreatment in slurry mode was observed beneficial for MF formation in terms of lower mass transfer limitations compared to our previous studies performed with catalyst particles [14, 15] .
Bimetallic copper-nickel catalysts
In our previous studies, high yields of MF were achieved with a bimetallic combination of copper and nickel. It was observed, that the most optimal composition for this bimetallic copper-nickel catalyst is to have equal amounts of both metals on the catalyst [14, 15] . Thus, 5/5 wt% copper-nickel combinations on the carbonaceous supports were prepared and tested.
Very high furfural conversions were achieved with all the tested bimetallic catalysts (Fig. 5) . The highest furfural conversions were achieved with CuNi/RX3 and CuNi/CMK-3 (96.6%), as with CuNi/RB4C and CuNi/Darco the final conversions were 94.2 and 88.8%, respectively. The lowest surface area of Darco might explain the slightly lower furfural conversion. However, all studied carbon supports would be potential concerning furfural hydrotreatment conversion.
Bimetallic combination of copper and nickel on various carbon supports resulted in significant differences in the product yields (Fig. 7) . Very high yields of desired MF were achieved with CuNi/RB4C (60.2%), CuNi/Darco (59.3%) and CuNi/CMK-3 (58.3%). The MF yield with CuNi/RB4C is very high in the liquid phase batch reactor experiments performed so far. These results showed that applying a bimetallic combination increased the 2-methylfuran yield in case of RB4C and CMK-3 supports. On the other hand, no change was observed in the case of Darco, and the yield of MF even decreased from 45.9 to 37.6% with CuNi/RX3.
The production of other compounds with the chosen catalysts varied significantly. With CuNi/RB4C and CuNi/ CMK-3, production of other known products of furfural hydrotreatment was observed, however, the yields of each product remained under 8%. With CuNi/RX3, a remarkable amount of 2-MTHF was produced. This indicates that this catalyst is more active in the hydrotreatment reactions and MF has reacted further to 2-MTHF through hydrogenation. The characteristics most probably responsible for the high activity are the high surface area and the highest nickel dispersion on this catalyst. The high conversion of furfural with this catalyst also favors this theory. With CuNi/Darco, only small quantities of other hydrotreatment products were produced. However, the formation of FMA was more significant compared to the other catalysts. The formation of FMA can be explained by differences in the pore size distribution, as with Darco also some mesoporosity was observed in addition to micropores, allowing the entrance and reactions of larger molecules. With mesoporous CMK-3, formation of FMA was also observed, which is also in favor of this theory.
Other side reactions
As a consequence of high reactivity of furfural, some products outside the furfural hydrotreatment scheme (Scheme 1) were produced during the experiments. The liquid samples of all the experiments were analyzed with a GC-MS to obtain qualitative information of the products formed in the experiments. Condensation products of furfural or furfuryl alcohol were observed in the analysis. The most common condensation products, which appear with all the catalysts, are the abovementioned furanmethanol acetate (Fig. 8a ) and 2-(2-furanylmethyl)-5-methyl-furan (Fig. 8b) . In addition to the condensation products, the desired product MF can be hydrogenated further through ring-opening to produce 2-pentanone and 2-pentanol as products. Traces of 2-pentanone were observed in GC-MS analysis, however the amounts were below GC-FID detection limit. reactions of furfuryl alcohol and 2-methylfuran collected from literature [53] [54] [55] . It should be noted, that these experiments are performed in a batch reactor, but the use of a continuous flow reactor would enable the tuning of the residence time to suppress most of the consecutive side reactions.
Many of the side reactions presented are catalyzed by acid sites. Figure 9 presents the ratio of the MF yield to the yield of the unidentified products as a function of acidity obtained by titration. Since the amount of side products is increasing with increasing acidity, the unidentified products are most probably originating from the acid catalyzed reactions presented in Fig. S2 and S3 (Supplementary material). 
Gas analysis
In addition to the liquid sample analysis, also the gas phase composition of each experiment was analyzed. The analysis of the gas composition was performed after the reactor had cooled down to room temperature. The analysis of gas composition confirmed that the gas phase consisted mainly of hydrogen. In addition, only trace amounts of carbon monoxide and carbon dioxide were detected.
Conclusions
Three different types of activated carbon, differing in the physico-chemical properties, were used as support materials for nickel and copper-nickel catalysts, in the current study. In addition, mesoporous carbon material CMK-3 was prepared and modified with Ni and CuNi for comparison.
All the tested materials modified with nickel or nickelcopper were thoroughly characterized by wide range of characterization methods. All the tested carbonaceous materials contain pores with diameter in the range of both micro-and mesopores. X-ray diffraction (XRD) analysis results indicated the presence of the characteristic diffraction peaks of NiO in case of monometallic catalyst, and NiO and Cu 2 O phases in case of bimetallic catalyst. XRD patterns of materials prepared by modification of RX3 contained the most scattered peaks characteristic for NiO species, which suggests high dispersion of smaller Ni particles on the surface of the support caused by the higher interaction of metal with the carbonaceous support. The temperature-programmed desorption (TPD) and titration analysis indicated differences in support acidity. The most acidic supports were RX3 and CMK-3, as RB4C and Darco were less acidic. With CMK-3 most of the acidity was caused by HF acid treatment. Metalmodification affected the acidity and surface groups of the catalysts. The acidity was observed important for catalyst selectivity in the furfural hydrotreatment reaction.
All the prepared materials exhibit promising physico-chemical properties for the conversion of furfural to 2-methylfuran. Nickel and copper supported on the ordered mesoporous material (CMK-3) and the various activated carbons resulted in very high conversions of furfural; over 90% conversions were achieved with almost all the tested catalysts. The support materials affected significantly to the product distributions. With some of the activated carbons and CMK-3, high yields of 2-methylfuran were achieved, the highest yield was achieved with 5/5 wt% CuNi/RB4C (60.2%), which is very high in the production of 2-methylfuran in liquid phase batch reactor experiments. Surface area, acidity and metal dispersion were observed the most important characteristics affecting the product distribution.
